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T
he enzyme dihydrofolate reductase (DHFR; 5,6,7,8-tetra-
hydrofolate:NADPH oxidoreductase, EC 1.5.1.3) catalyzes
the reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydro-
folate (THF) using NADPH as coenzyme.
1 Since THF and its
metabolites are precursors of purine and pyrimidine bases, the
normal functioning of this enzyme is essential for proliferating
cells. This makes DHFR an excellent target for antifolate drugs
such as methotrexate (anticancer), pyrimethamine (antimalarial),
and trimethoprim (antibacterial). Such agents act by inhibiting
the enzyme in parasitic or malignant cells.
1,2 The cooperative
binding of ligands to DHFR plays an important role not only in
the enzyme catalytic cycle (negative cooperativity in THF/
NADPH binding)
3 but also in enzyme inhibition (positive
cooperativity in antifolate/NADPH binding).
4 The eﬀects of
positivecooperativebindingincontrollingenzymeinhibitionare
exempliﬁed by trimethoprim (TMP) an eﬀective antibacterial
agent that binds tobacterialDHFR135times moretightlyinthe
presence of NADPH (corresponding to a ΔG0
coop =  RT ln
135 =  2.9 kcal mol
 1).
5 Futhermore, TMP binds at least 3000
times more tightly to bacterial DHFR than it does to human
DHFR,
4 and part of the decrease in TMP binding to the human
enzyme can be attributed to the loss of the positive cooperative
binding that is seen in the complex with the bacterial enzyme.
6
Several X-ray
7 and NMR
8 12 structures of TMP complexes with
bacterial and vertebrate DHFR have been studied previously.
In earlier studies of ligand binding cooperativity, Bystroﬀ and
Kraut have compared the crystal structure of E. coli apo DHFR
with those of its complexes with folate, methotrexate, and
NADP
þ and have shown that there are no major diﬀerences in
theoverallstructuresexceptthatpartoftheA Bloopregionwas
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ABSTRACT: In order to examine the origins of the large
positive cooperativity (ΔG0
coop =  2.9 kcal mol
 1) of tri-
methoprim (TMP) binding to a bacterial dihydrofolate reduc-
tase (DHFR) in the presence of NADPH, we have determined
and compared NMR solution structures of L. casei apo DHFR
and its binary and ternary complexes with TMP and NADPH
and made complementary thermodynamic measurements. The
DHFR structures are generally very similar except for the A B
loop region and part of helix B (residues 15 31) which could
not be directly detected for L. casei apo DHFR because of line
broadening from exchange between folded and unfolded forms. Thermodynamic and NMR measurements suggested that a
signiﬁcantcontributiontothecooperativitycomesfromrefoldingofapoDHFRonbindingtheﬁrstligand(upto 0.95kcalsmol
 1
if 80% of A B loop requires refolding). Comparisons of CR CR distance diﬀerences and domain rotation angles between apo
DHFR and its complexes indicated that generally similar conformational changes involving domain movements accompany
formation of the binary complexes with either TMP or NADPH and that the binary structures are approaching that of the ternary
complex as would be expected for positive cooperativity. These favorable ligand-induced structural changes upon binding the ﬁrst
ligand will also contribute signiﬁcantly to the cooperative binding. A further substantial contribution to cooperative binding results
from the proximityof the boundligandsinthe ternary complex:this reducesthe solvent accessible area of theligand andprovides a
favorable entropic hydrophobic contribution (up to  1.4 kcal mol
 1).3610 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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disorderedandcouldnotbedetectedintheX-raystructureofthe
apoE.colienzymeanditsbinarycomplexes.
13Bycomparingpairs
of structures, they detected ligand-induced changes in CR CR
distances (mostly less than 1 Å) and rotational angles (up to 6)
about a hinge axis between the adenosine binding domain
(residues 38 88) and the major domain (residues 2 37 and
89 160)) involved in substrate binding and catalytic activity.
In this work we report the NMR solution structures of apo lc
DHFR and its DHFR.NADPH binary complex and compare
these with our previously determined structures of the DHFR.
TMP binary
12 and DHFR.TMP.NADPH ternary
10 complexes.
The availability of the structures and chemical shifts for all four
components of this system now allows us to comment on the
most likely contributions to the observed positive cooperativity.
We have also examined
1H/
15N chemical shifts for complexes
which represent well-characterized examples of positive and
negative cooperative binding
5,14 to explore whether or not the
ligand-induced shifts in regions remote from the ligand binding
site provide any information about the putative shrinkage or
expansion of the protein complexes showing positive and
negative cooperativity.
15,16
’MATERIALS AND METHODS
Sample Preparation. Lc DHFR was expressed in E. coli
containing the lc DHFR gene, and the protein was isolated and
purified as described earlier.
17,18 The E. coli cells were grown in
minimal media supplemented with L-tryptophan. The lc DHFR
samples were uniformly enriched with
15N and
13C/
15Nb y
providing[
15N]-ammoniumsulfate (C.K.Gas ProductsLtd.) as
the sole nitrogen source and [
13C6]-D-glucose (C. K. Gas
Products Ltd.) as the sole carbon source to the growth medium.
Ligands (NADPH, TMP, and folinic acid) were obtained from
Sigma and used without further purification. Equimolar com-
plexes of DHFR.TMP, DHFR.NADPH, DHFR.folinic acid,
DHFR.TMP.NADPH, and DHFR.folinic acid.NADPH were
prepared by adding excess ligands to 1 4 mM solutions of
enzymein50mMpotassiumphosphateand100mMKCl,pH*=
6.5 (the pH* values being meter readings, unadjusted for
deuterium isotope effects). The samples were taken up either
in D2O or in 95% H2O/5% D2O. In all the above complexes the
ligands are tightly bound, and their spectra are characteristic of
slow exchange between bound and free forms.
1D NH residual dipolar couplings were measured in a ternary
mixture of ∼5% (v/v) n-octylpenta(ethylene glycol) (C8E5),
∼1.5%(v/v)n-octanol,andNMRbuﬀer.
19Theliquidcrystalline
medium gave a stable quadrupolar splitting of the D2O
2H signal
of 29.9 Hz, with a ﬁnal concentration of apo-DHFR of
∼0.21 mM. Precise measurements of one-bond
1H 
15N cou-
pling constants were obtained (see Figure S1 in Supporting
Information) from a series of
1JNH-modulated 2D spectra.
20
NMRExperiments.AllNMRexperimentswereperformedon
Varian UNITY, UNITY plus, and INOVA spectrometers
equipped with z-gradient triple-resonance probes operating at
500, 600, and 800 MHz (
1H frequency). The spectra were
recorded at various temperatures in the range 8 35 C using
unlabeled,
15N-labeled, or
13C/
15N-labeled protein samples.
The
1H chemical shifts were referenced to DSS by converting
shifts from values obtained using the
1H signal from either
internal dioxane or from the water as reference; the
15N and
13C chemical shifts were referenced to liquid NH3 and TSP,
respectively, using the γratio method.
21,22 The
1H,
13C, and
15N
Figure 1. 2D ΔD plots of the CR distance diﬀerences (Å) between
structures of(A)lcDHFR.TMPandapoDHFR,(B)lcDHFR.NADPH
and apo DHFR, and (C) lc DHFR.TMP.NADPH and apo DHFR. The
triangular space above the diagonal contains the negative ΔD values
corresponding to shortening ofdistances between pairs of CRatoms on
formation of the complex. Blocks 1 7 are discussed in the text. The
unshaded regions of the plots contain the CR distance diﬀerences
betweentheadenosinebindingdomainresidues(38 88)andthemajor
domain residues (2 37, 89 160). The data for the residues 15 31
(unfolded in apo DHFR) have been omitted from the ﬁgures.3611 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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chemical shift data have been deposited in the BioMagResData-
Bank (Deposition Numbers BMRB ID: BMRB ID: 17125,
BMRB ID: 5396, BMRB ID: 17310 and BMRB ID: 17311).
The details of the procedures for spectral processing and
analysis, signal assignment, distance restraints and hydrogen
bond restraints determinations, structure calculations, structure
analysis, and methods used for checking the quality of the
structures are all described in the Supporting Information. The
numbers and distributions of NOEs are given in Table S1 of the
Supporting Information.
Cr Distance Difference Plots. CR distance difference (ΔD)
plots have been proposed as an unbiased way of comparing pairs
of protein structures
23 and for identifying domains within the
proteins.
24 In this method the distances between all pairs of CR
atoms in one protein structure are subtracted from the corre-
sponding distances in a second related structure and the results
presented as a 2-dimensional contour plot as shown in Figure 1.
Each point in the plot has the value
ΔDði,jÞ¼D1ði,jÞ D2ði,jÞ
where D1(i,j) is the distance between the CR atoms in residues i
and j in structure 1 and D2(i,j) is the corresponding distance in
structure 2. The ΔD(i,j) values are then plotted on a square
matrix with the residue numbers of the protein on the axes (i on
oneaxisandjontheother).Suchplotsaresymmetricalaboutthe
diagonal and for convenience it is usual to display the positive
and negative ΔD(i,j) values separately, one in the triangle above
the diagonal (negative values in Figure 1) and the others
(positive values) below the diagonal.
We used contour plots to display the distance diﬀerences
(ΔD(i,j) values) between pairs of corresponding CR atoms (i, j)
for the protein in two structures such as apo DHFR and the
DHFR.TMP binary complex (and for other pairs of structures).
The distances were measured from the structures using Insight
and the contour plot program was an extension of EXCEL.
Structure Analysis Programs. The program DynDom
25 was
used to determine changes in rotational angles about a twist axis
for defined domains in pairs of related structures (see web
platform http://fizz.cmp.uea.ac.uk/dyndom/dyndomMain.do).
The ligand induced changes in rotational angles are averaged
values from measurements on 25 pairs of structures for each
comparison (apo DHFR/DHFR.TMP, apo DHFR/DHFR.
NADPH, and apo DHFR/DHFR.TMP.NADPH).
Plots of Connolly
26 surfaces (solvent-excluded surfaces) were
made using the Insight program. Calculations of solvent acces-
sible surface areas (SASA) were made using the NACCESS
program:
27 the SASA values for each ligand in the region of
interligand contact were obtained by ﬁrst calculating the total
SASA values for the two bound ligands (TMP and NADPH)
using the structure of the ternary complex (PDB ID: 1LUD or
PDB ID: 1YHO) and then measuring the increase in SASA
values after removal of the structure of each ligand in turn from
theternarycomplexstructuraldata(PDBID:1LUD(L.casei)or
PDB ID: 1YHO (human)).
ITC Experiments. Enthalpies of binding were measured for
TMP,folinicacidandNADPHbindingtolcDHFRinbinaryand
ternary complexes at 25 C using a MicroCal Omega VP-ITC
(MicroCal Inc., Northampton, MA). The DHFR was dialyzed
against buffer containing 50 mM potasium phosphate (pH 7.0)
and100mMKCl.Theligandsolutionsweremadewiththesame
buffer.
Solutions of TMP (150 440 μM), (()-folinic acid
(70 1500 μM), and NADPH (120 240 μM) were titrated in
30injectionsof10μLaliquots.TheconcentrationoflcDHFRin
the cell was 3.5 73 μM.
The ITC data were processed with the software MicroCal
Origin version 5.0 provided by the manufacturer.
’RESULTS AND DISCUSSION
Structures of Apo L. casei DHFR and Its Complexes with
TMP and NADPH. We have used NMR spectroscopy to deter-
mine the solution structures of apo lc DHFR and its binary
complex with NADPH and TMP
12 (PDB ID: 2L28, PDB ID:
2HQP, and PDB ID: 2HM9). A summary of the restraints used
in the structure calculations is given in Table S1 of the Support-
ing Information. These structures together with the structure of
the ternary complex lc DHFR.TMP.NADPH (PBD ID:
1LUD)
10 are shown in Figures 2 and 3. The protein residues
with NH protons within 4 Å (and 10 Å) of the bound ligands in
the binary and ternary complexes are indicated in Table S2
(Supporting Information). The above results allowed us to
define structural differences between the enzyme in its bound
and unbound states for all four components of a system showing
positive binding cooperativity.
Apo lc DHFR. The NMR data analysis led to a family of 25
structures for the apo lc DHFR with a backbone rmsd of 1.42 Å.
Superimposition of the well-defined regions of lc DHFR
(residues 1 12 and 37 161) gave a backbone rmsd of 0.63 (
0.12 Å: superimposition of these regions of apo lc DHFR on the
structures of its binary TMP and NADPH and ternary DHFR
complexes gave backbone rmsd values of 1.91 ( 0.15, 1.43 (
0.16, and 1.91 ( 0.18 Å, respectively. The overall core structure
of apo lc DHFR comprising the 8-stranded β-sheet and three of
the four R-helices is well-determined. However, the region
involving residues 15 31 (corresponding to part of the long
A B loop and part of helix B) is partially unfolded as evidenced
by the severe line broadening observed for their backbone NH
and R-CH signals which prevented their detection for many
residues. The
1H,
13CR, and
15N chemical shifts for only 7
residues in the region 15 31 could be measured directly from
their weak broad signals: no signals could be detected for the
remaining residues because of exchange line broadening pre-
sumably arising from interconversions between different con-
formational states.
The
1H and
15N chemical shifts for residues that could not be
directlydetectedintheHSQCspectra were obtained bytitrating
apo lc DHFR with p-aminobenzoyl-L-glutamate (PABG): this
sharpens the signals and allows one to extrapolate the titration
shifts to zero PABG concentration (see Tables S2 and S3,
Supporting Information).
10 The lc DHFR.PABG complex and
thefoldedformofapolcDHFRareinfastexchange,andthusthe
extrapolated chemical shift values correspond to the folded form
of apo DHFR. The simplest model for the exchange behavior in
apo DHFR would involve interconversions between two diﬀer-
entconformationalstatesfortheregioncontainingtheA Bloop
and helix B. Chemical shift evidence (from the PABG titration)
indicates that one of these states is the folded closed conforma-
tion of the A B loop. Estimates of line broadening suﬃcient to
preventdetectioncanbemadeusingatwo-siteexchangeanalysis
(using the in-house program MUSES
28) assuming various inter-
conversion rates, chemical shift diﬀerences, and fractional popu-
lationsofthe twoforms.Itis found,forexample,that fora50/503612 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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mixtureoffoldedandunfoldedformswithshiftdiﬀerencesinthe
range 100 500 Hz and with exchange rates of 100 300 s
 1
contributions to the line widths of between 32 and 88 Hz would
be expected. Such contributions when considered together with
the usual line widths of NH signals (∼15 Hz) would make it
diﬃcult to directly observe the signals aﬀected by the exchange.
Calculated line widths for other ratios of conformers and even
higher rates would also give fairly broad undetectable signals. An
approximate estimate of the fraction of the folded form can be
obtained from considering the intensities of signals from L12,
D16,andD25whichgivesmallsignalsattheshiftvaluesexpected
forthefoldedconformation(conﬁrmedbythePABGtitrations).
These are the only residues in the loop region 12 25 that have
clearly observable
1H
15N HSQC signals in nonoverlapped
regions and have relative intensities of 0.20 ( 0.05 compared
to nonloop signals indicating that ∼20% of the loop is folded at
20 C. This is an approximate value because of the diﬃculties of
measuringintensitiesofbroadsignalsinHSQCspectra.If80%of
theapoDHFRhasanunfoldedA Bloopandbindsonlyweakly
to ligands, this would eﬀectively reduce the ligand binding
constant to apo DHFR by a factor of 5 compared to fully folded
DHFR. This loss in binding could be recovered after binding the
ﬁrst ligand, contributing  0.95 kcals mol
 1 to the cooperativity
(ΔG0 =  RT ln 5). Evidence for the presence of folded and
unfolded forms of L. casei apo DHFR is also provided by kinetic
experiments of inhibitors binding to apo DHFR reported by
Dunn and co-workers.
29 Their measurements of the association
rates revealed a two-step process, a “fast” step followed by a
“slower” step: in the initial “fast” step ∼50% of the DHFR binds
with a very rapid association rate at pH 6.5, consistent with the
inhibitor binding to a folded form of the protein.
29
It can be seen from Tables S2 and S3 that the
1H and
15N
chemical shifts for helix B residues in apo DHFR extrapolated
from the PABG titrations agree well with those for the DHFR.
Figure 2. Disposition of the secondary structure elements in structures of apo lc DHFR and its complexes DHFR.NADPH, DHFR.TMP, and DHFR.
NADPH.TMP obtained using the Kabsch_Sander program in Insight.
39
Figure 3. Families of calculated structures for apo lc DHFR (25
structures) and its DHFR.NADPH complex (30 structures).3613 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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NADPH complex where helix B residues are remote from the
ligand. This indicates that the folded structure of helix B remains
essentially intact in the fraction of apo DHFR molecules in the
folded form (only the folded fraction of apo lc DHFR is being
monitored in the PABG titration experiment).
Because most of the helix B residues show broad or undetect-
able resonances, it was not possible to measure any NOEs in this
region although some TALOS based φ/ψ dihedral angle in-
formationcould beobtained forresidues 30 32.Onlytwo long-
range restraints for helix B (Y29He W5HN and D25Od1 
H153He1) could be measured. Thus, helix B and its position in
the structure are poorly deﬁned as shown in Figure 3A (even
though some additional helical φ/ψ dihedral angle constraints
based on chemical shifts were included in the calculation).
FortheA Bloop,thefewNOEsthatweremeasured(namely
between I13 and K127, L12 and D125, K15 and D125, and L12
and E123) were those expected for a closed conformation.
Lc DHFR.NADPH Binary Complex. The family of 30 calculated
conformers has a backbone rmsd of 0.50 ( 0.07 Å. Super-
imposition of the representative structure of the binary complex
onto that of the lc DHFR.TMP.NADPHternary complex gives a
backbone rmsd of 1.46 ( 0.13 Å. In both the binary and ternary
complexes, the NADPH is bound in an extended conformation
along a groove on the surface of the protein. The A B loop
region of the NADPH binary complex is found in the closed
conformation and has a more extensive network of hydrogen
bonds than in the lc DHFR.TMP complex. This is because of its
proximitytothenicotinamidepartoftheNADPHmolecule.The
nicotinamide ribose ring protons HO2 and HO3 are H-bonded
to G17(O) and H18(N), respectively. The interactions of
I13(O) with a 7-NH2 and the H2 protons of NADPH are
important for cofactor binding. The antiparallel β-sheet within
the A B loop is stabilized by the H-bond L15(NH) H18(O).
TheT126carbonyloxygenacceptsH-bondsfrombothI13(NH)
and G14(NH) protons and G14(O) is H-bonded to T126(NH)
—unlike in many other complexes (such as in lc DHFR.MTX)
where it binds D125(NH).
The positions of the nicotinamide and adenine rings in the
bound cofactor are fairly well-deﬁned. The nicotinamide carbox-
amidegroupisinthetransconformationwhichallowsitsO7and
7-NH2 atoms to form hydrogen bonds with NH of A6 and O
of I13.
Some hydrophobic contacts (evidenced by corresponding
NOEs)arealsoobservedbetweenthenicotinamideringprotons
and the side-chain protons of A6 and HR protons of G99. The
adenine ring exhibits a better-developed pattern of hydrophobic
interactions with protein residues than does the nicotinamide
ring. In particular, several NOEs are observed between adenine
ring protons and side-chain protons of residues L62, T63, H64,
and H77 in the adenine binding pocket.
The ribose rings are somewhat less well-deﬁned than the
aromatic moieties; however, the data ﬁrmly suggest that both of
them are bound in the 30-endo conformation. The nicotinamide
ribose ring is located close to residues G17, R44, and S48 while
theadenineriboseringisnearresiduesR43,Q101,andI102.The
pyrophosphate linkage istheleast well-deﬁnedpart ofthe bound
cofactor—it was reﬁned at a very late stage of the calculations by
identifying possible hydrogen bonds from oxygen atoms of
phosphatestohydrogensofthebackbone.Identiﬁedinteractions
involve NHs of T45, G99, A100, and Q101. In the same fashion
the position of the 20-phosphate group was reﬁned; it forms
hydrogen bonds with T63(NH) and with R43 and Q65 side
chains. All protons that are postulated as serving as hydrogen
bond donors were found to have high protection factors in H/D
exchange experiments. Chemical shifts were also used to help in
assigninghydrogenbonds(forexample,Ala100NHshowsa2.48
ppmincreasein
1HshieldingonNADPHbinding).Additionally,
titrations of lc DHFR.TMP with phosphate buﬀer show fast
exchange shifting of signals from relevant NH protons involved
in interactions with the coenzyme phosphate group.
The DHFR.NADPH complex is more stable than apo DHFR,
reﬂecting the increased stability of its more folded structure
(particularly in the loop and helix B regions). At the prevailing
concentrations of unbound NADPH in the cell (estimated
around 2 5 μM
30,31) most of the DHFR (97 to 99%) will be
complexed with NADPH. Any evolutionary processes aimed at
increasing the stability of the enzyme (in terms of producing a
more folded structure) will have operated on the DHFR.
NADPH complex rather than on apo DHFR, thus oﬀering an
explanation for the lower stability of the partially unfolded
apo DHFR.
Lc DHFR.TMP Binary and lc DHFR.TMP.NADPH Ternary
Complexes. The NMR-determined structure of the ternary lc
DHFR.TMP.NADPH complex has been described previously
(PBD1LUD),
10andtherepresentativestructurefromafamilyof
32 structures has been used for the structural comparisons in the
present work. The structure of the lc DHFR.TMP binary
complex was also published earlier (PBD 2HM9),
12 and further
details of the structure are provided in the Supporting
Information.
ComparisonsoftheStructures.It can be seen from Figure 2
that the structures of apo lc DHFR and its binary and ternary
complexes are fairly similar in terms of their overall secondary
structure composition and disposition. The most notable differ-
encesinvolvetheA BloopinapolcDHFR.TheA Bloopand
the unfolded part of helix B of apo DHFR is refolded on forming
the binary complexes with obvious implications for cooperative
binding.
The A B Loop (Residues 9 23). Conformational changes
involving the A B loop could be important in controlling
cooperative binding because of its proximity to important ligand
binding sites. A B loop conformations, classifiedby Sawaya and
Kraut
7aseither“open”,“closed”,or“occluded”forms,havebeen
extensively studied for many DHFR complexes by X-ray
crystallography
7 and NMR spectroscopy.
32 37
The structure of apo lc DHFR in solution has a partially
unfolded A B loop (see Figure 3A) whereas in its binary and
ternary complexes with TMP and NADPH the A B loop is in
the closed conformation. This can be seen in Figure 4, which
shows the A B loops extracted from the superimposed struc-
tures in the binary and ternary complexes with TMP and
NADPH. These A B loops are compared with the same loop
in the E. coli DHFR complexes (PDB ID: 1rh3 and PDB ID:
1rx5)
7 where it was previously found in the closed and occluded
conformation, respectively. Although the lc DHFR complexes all
showtheclosedconformation,therearesubstantialdiﬀerencesin
the positions of this loop in the binary and ternary complexes. It
can be seen in Figure 4 that in the lc DHFR.TMP complex the
closed conformation A B loop partially occupies the NADPH
nicotinamide ribose binding site and could potentially displace
any bound water molecules in this part of the NADPH binding
site. However, the incoming NADPH on binding to the DHFR.
TMPcomplexnolonger needstoﬁndtheenergytoorganize the
partially unfolded A B loop into its required closed3614 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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conformation,andthiswillcontributetothepositivecooperative
binding.TheA BloopinthelcDHFR.NADPHcomplexisalso
in the closed conformation and occupies part of the TMP
trimethoxybenzyl ring binding site. Thus, in the case of each
binary complex the binding of the ﬁrst ligand has not created the
perfect protein conformation required for binding the second
ligand: the binding site for the second ligand, although approxi-
mately in place, is not exactly set up in the binary complexes but
requires some further adjustment.
The A B loops in several other DHFR structures have been
extensivelystudied.Forexample,forE.coliDHFRtheclosedand
occluded conformations of the A B loop have been shown to
interchange during the catalytic process from studies of NMR
35
and X-ray data.
7 In X-ray diﬀraction studies of the E. coli DHFR.
folatecomplexwhereonlythesubstratesiteisoccupied,theA B
loop was found in the occluded conformation while the A B
loopintheE.coliapoDHFRanditsbinaryMTX.DHFRcomplex
the loop was found to be disordered.
7,13,38
Ligand-Induced Changes in Positions of Secondary Struc-
ture Elements. The conformation of each of the secondary
structure elements in apo lc DHFR is very similar to that of the
corresponding element in the complexes. This can be seen from
comparingthestructuresoflcapoDHFRanditsternarycomplex
DHFR.TMP.NADPH where superimposition of each individual
helixresultsinfairlysmallrmsdvalues(forhelicesC,E,andFthe
RMSDs are 0.18, 0.12, and 0.11 Å, respectively). Helix B could
not be included in this comparison because it was ill-defined in
the apo structure: however, the extrapolated
1H chemical shifts
for helix B residues obtained from the PABG titration of apo lc
DHFRindicate that helix B in folded apo lc DHFRis structurally
very similar to those in the binary and ternary complexes.
Structural similarities in the β-strands of apo lc DHFR and its
ternary complex are also found from superimpositions of the β-
strands. Thus, for the β-strands A, F, and H the rmsd values are
0.25, 0.26, and 0.4 Å, respectively, and for the β-sheet A, E, F, H
in the major binding domain the rmsd is 0.51 Å. Comparisons of
chemical shifts in apo lc DHFR and its complexes (see below)
also point to the local structures of the secondary structure
elements being very similar in all cases. Pairwise superimposi-
tions of the apo DHFR loop elements onto corresponding loops
in the diﬀerent complexes result in larger rmsd values. The
diﬀerences in positions of the helices in the various pairs of
structures result not only from direct ligand interactions with
helix residues but also from ligand-induced conformational
adjustments in the loops that change the relative positions of
the helices with respect to the β-sheet. Figure 2 shows the
Kabsch Sander
39 Insight structures of apo lc DHFR and its
complexes with NADPH and TMP where the relatively modest
changesinthepositions oftheheliceswithrespecttotheβ-sheet
arevisualized.DistancesbetweentheCRatomsofthehelicesand
the CR carbon of L4 of β-strand A in the various structures have
been measured, and these give an indication of how the helices
are repositioned in the diﬀerent complexes. L4 was chosen as a
reference point since it is in the ligand binding site and close to
partsofbothboundTMPandNADPH.Inpairwisecomparisons
of the apo lc DHFR structure with those of its binary and ternary
complexes, the largest movements for the end residues of the
helices are observed upon formation of the binary complexes
with NADPH and TMP (average movements 1.12 and 1.26 Å,
respectively). Smaller movements accompany the binding of the
second ligand to each of the binary complexes (average move-
ments 0.73 and 0.46 Å, respectively).
Differences in Distances Spanning the Binding Sites. Table 1
contains the distances between CR atoms of residues spanning
the binding sites for apo lc DHFR and its complexes. For 70% of
themeasurementsthebindingoftheligandsresultsinshortening
of the distances between such residues. In some cases the
distances in the binary complexes are shorter than in the ternary
complex.ThedistancedifferencesbetweenapolcDHFRandthe
binary complexes are nonadditive when compared with the
corresponding values for the ternary complex. The nonadditivity
of the displacements is consistent with cooperative binding
behavior.
CR CRDistanceDifferences.Acomprehensiveandunbiased
way of examining differences between two structures is to
measure differences in the distances between all CR atoms of
corresponding residues in each of the different structures. The
structures can then be conveniently compared by using the CR
distance difference (ΔD) two-dimensional (2D) contour plots
introduced by Ooi and Nishikawa
23 (see Materials and Meth-
ods). Examination of the CR ΔD values for all pairs of structures
involving apo lc DHFR and its TMP and NADPH ternary and
binarycomplexesrevealssubstantialdifferencesforsomepairsof
residues. If we exclude residues in the A B loop and helix B
regions,thenthemajorityofpairsofresidues(86%)haveCRΔD
values less than 2 Å and only 1% have values greater than 4 Å.
We have calculated such 2D contour plots for all pairs of
structures, and Figure 1A C shows the three plots for apo lc
DHFR and its binary and ternary complexes with TMP and
NADPH. The triangular space above the diagonal contains
negative ΔD values that correspond to shortening of distances
between pairs of CR atoms on formation of the complex. The
triangular space below the diagonal contains positive ΔD values
that correspond to bond lengthening on complex formation.
There are roughly similar populations of negative and positive
ΔDvalues seen intheupperandlower triangles, respectively,for
all three complexes (see Figure 1). However, when these are
weighted according to the magnitudes of the ΔD values, the
results indicate anoverall shrinkage of theprotein uponcomplex
formation.
The contours around the maxima and minima correspond to
blocks of residues that all have similar ΔD values. Such blocks
Figure 4. A comparison of the A B loop structures in apo L. casei
DHFR and its complexes with TMP and NADPH: the A B loop
structures are also shown for E. coli DHFR complexes with NADPH.
methotrexate(closed) and5,10-diazatetrahydrofolate (occluded)(PDB
ID:1rh3andPDBID:1rx5,respectively).
7TheadeninepartofNADPH
is not shown.3615 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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correspond to groups of residues that move together upon
complexformation,andsomearehighlightedinboxesinFigure1.
Most of the blocks(whether highlighted or not) are found in the
unshadedregionsofFigure1whichcorrespondtoCRΔDvalues
between pairs of atoms in two separate domains: the adenosine
bindingdomain(residues38 88)andthemajordomain(2 37,
89 160). Residues within the blocks move together when the
two domains are displaced with respect to each other. Thus,
block 1 in Figure 1A corresponds to shortening of CR CR
distancesbetweenresidues2 14inthemajordomainandresidues
42 49 (helix C) in the adenosinebinding domain on formingthe
DHFR.TMP binary complex. Likewise, blocks 2 5i nF i g u r e1 A
correspond to distance shortening between residues in the major
domainandresiduesintheadenosinebindingdomain.Mostofthe
othernonhighlightedblocksofresiduescanbesimilarlyassignedto
distance shortening between residues in these two domains (for
example, the region involving residues 45 75 and 122 155).
There are also some CR distance lengthenings upon complex
formation. The lower triangular spaces (positive ΔD values) in
the 2D plots feature a strip of contours (block 6) connecting
residues 77 79 with residues 90 160. This indicates that many
of the latter residues move away from residues 77 79 on
complex formation. Block 7 also shows distance lengthening
(between residues 36 40 and many other residues). A few
blocks show large diﬀerences between the complexes. For
example, block 4 indicates distance shortening on complex
formation with TMP (Figure 1A), no distance changes on
formation of complex with NADPH, and distance lengthening
on formation of the ternary complex. Thus, although most
regions are perturbed in a generally similar way by the diﬀerent
ligands, there are some diﬀerences.
There are two main conclusions from these structure compar-
isons. (i) The preponderance of blocks indicating CR CR
distance shortening and lengthening between the two domains
(unshaded regions of Figure 1) clearly indicates that the ligand
binding is aﬀecting the relative positions of the twodomains. (ii)
The most striking feature of the CR ΔD 2D contour plots for all
the DHFR complexes shown in Figure 1 is their general
similarity. Thus, the binding of TMP or NADPH each causes
generally similar overall changes in conformation, and further-
more these changes are approaching the ﬁnal conformation of
theternarycomplex.Bothligandsareeachcapableofmovingthe
proteinconformationtowardthatof theternary complex.Thisis
as would be expected for ligand induced conformational changes
contributing to positive cooperative binding. The ΔD 2D con-
tour plot for the binary lc DHFR.TMP and ternary lc DHFR.
TMP.NADPH complexes (not shown) indicate that the relative
position of the two domains is further adjusted when the
coenzyme binds to the lc DHFR.TMP complex. Clearly organiz-
ing the conformation of the binding sites for the two ligands is a
complex process that involves more than a simple progressive
tightening of the structure as each ligand binds.
The nonadditivity of the displacements caused by each ligand
and the fact that the conformational changes induced by binding
the ﬁrst ligand are in general approaching the ﬁnal conforma-
tional state of the ternary complex are both consistent with
positive cooperative binding behavior.
Domain Orientations.Wehaveused the DynDomprogram
25
to characterize the rotation angles between the major and
adenosine binding domains for pairs of structures for apo lc
DHFRand its three NADPH/TMP complexes. For allpairs of lc
DHFR structures it was necessary to define the two domains
explicitly (major domain residues (1 12 and 89 160) and
adenosine binding domain residues (38 88) because the pro-
gram was unable to identify these domains directly in our
structures. The rotation angles are defined about an interdomain
screw axis determined by DynDom: the determined rotation
angles showed differences between apo lc DHFR and its two
binary complexes (10.0 ( 1.3 and 11.4 ( 1.4 for the NADPH
andTMPbinarycomplexes,respectively)and16.2(2.1forthe
ternaryDHFR.NADPH.TMPstructure (seeFigureS2,Support-
ing Information). The screw axes for the different pairs of
structures are quite similar (the angles between the screw axis
andthelinejoiningthecentersofmassofthetwodomainsfall in
the range 105 114 for the different pairs of structures). While
thescrewaxesidentifiedbyDynDomforallpairsofstructuresare
similar to each other, they are too far (>3 Å) from the hinge
residues to be effective hinge axes between the two domains.
25
However, it is clear that there are domain reorientations accom-
panying ligand binding and that the rotation angle changes seen
onformingthebinarycomplexconstituteasubstantialpartofthe
larger angle change observed between the structures of apo
DHFR and its ternary complex as expected for positive coopera-
tive binding of the two ligands.
Earlier, Bystroﬀ and Kraut
13 examined X-ray structures of
E. coli apo DHFR and its complexes DHFR.NADP
þ, DHFR.
Table1. Distances(inÅ)betweenCrAtomsforResiduesSpanningtheLigandBindingSitesinL.caseiDHFRandItsComplexes
with TMP and NADPH
a
Res 1 Res 2 apo DHFR TMP NADPH ternary TMP-apo DHFR NADPH-apo DHFR ternary-apo DHFR
R44 CR Q101 CR 10.09 9.22 9.40 9.29  0.87  0.69  0.80
R43 CR Q65 CR 9.86 9.49 8.79 9.56  0.37  1.07  0.30
R43 CR H64 CR 9.32 8.39 7.62 8.60  0.93  1.70  0.72
H77 CR Q101 CR 12.06 12.91 12.74 13.12 0.85 0.68 1.06
H64 CR A105 CR 12.59 10.05 12.73 13.40  2.55 0.14 0.81
G14 CR T45 CR 11.58 11.87 10.54 9.59 0.29  1.04  1.99
A6 CR T45 CR 15.92 13.35 14.02 13.88  2.57  1.90  2.04
I13 CR A97 CR 11.33 11.99 10.47 10.95 0.66  0.86  0.38
D26 CR A97 CR 13.57 13.55 11.95 13.03  0.02  1.61  0.54
L4 CR L27 CR 11.82 11.17 11.27 11.18  0.66  0.56  0.64
L27 CR F49 CR 13.42 11.01 12.26 11.21  2.41  1.16  2.21
aDistances are the average values from all 25 structures in the apo DHFR family.3616 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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Folate.NADP
þ, and DHFR.Methotexate. The positive coopera-
tivity for such complexes involving NADP
þ is at least 10-fold
smaller than that observed for TMP and NADPH. We ﬁnd that
whiletheoverallpatternofthechangesindomainrotationangles
and CR CR distance diﬀerences for L. casei apo DHFR and its
TMP and NADPH complexes in solution are similar to those
observed in the X-ray studies on E. coli DHFR,
13 the magnitudes
of the eﬀects are substantially larger for the L. casei DHFR
complexes. There are also some diﬀerences in the extent of the
disordered regions. The partially unfolded region found in the
solution structure of L. casei DHFR (residues 15 31) is larger
than the disordered region seen in the crystal structure of E. coli
apo DHFR (residues16 24) and extends beyond the A B loop
intohelixB.FormationoftheL.caseiDHFRbinarycomplexesin
solution results in this unfolded region being refolded to its
ordered form, whereas in the crystal structures of the E. coli
DHFR binary complexes the A B loop region remains disor-
dered only becoming ordered on forming the ternary complex.
Clearly refolding of DHFR on forming the binary complex, as
seeninourNMRsolutionstudies,willmakeacontributiontothe
positive binding cooperativity (up to  0.95 kcal mol
 1). It
would be useful to obtain a better estimate of the relative
contribution to the cooperativity from the refolding. One
possibility might be to engineer a mutant that has a refolded
A B loop/helix B such that the protein binds both ligands more
tightly in the binary complex while showing lower positive
cooperativity on forming the ternary complex. However, such
an approach would not be straightforward because of the
complexity of the possible changes in ligand protein interactions
following such mutations.
40 Li and co-workers
41 have prepared
an E. coli DHFR mutant with the A B loop residues 16 19
replaced by a glycine residue that was shown to have reduced
ﬂexibility in the loop compared to in wild type.
36 This mutant
providedusefulinsightsintothepossibleroleofproteinﬂexibility
inthecatalyticprocess,butitwasnotedthatitsbindingconstants
for NADPH and FH2 are lowered by a factor of 10.
Hydrophobic Binding from Interligand Contact in the
Ternary Complex.Hydrophobic effects from nonpolar contacts
between the two ligands in a ternary complex of DHFR have
beensuggestedaspossiblecontributorstocooperativebinding.
42
We have examined the interligand contact in the lc DHFR.TMP.
NADPH complex where the nicotinamide C4 carbon is located
closetotheTMPC7carbon:theC4 C7separationmeasuredas
theaveragevalueforthefamilyofstructuresis3.5(1Å(closeto
the unstrained difference of 3.7 Å
43). The unoccupied reduced
nicotinamide ring site in the lc DHFR.TMP binary complex is
likely to contain bound water molecules, and displacement of
suchorderedwatermoleculesonbindingNADPHwouldmakea
favorable entropic contribution to the binding. Connolly
26 plots
shown in Figure 5 indicate that for the two binary complexes
there are solvent accessible areas (marked by asterisks) that are
rendered inaccessible to solvent when the ternary complex is
formed(Figure5B).Valuesforthesolventaccessiblesurfacearea
(SASA) of bound NADPH (30.4 Å
2) and TMP (24.2 Å
2) in the
region of interligand contact in the ternary complex were
calculated using the NACCESS program.
27 These values would
provide contributions to the cooperative binding of  1.4 kcal
mol
 1 for NADPH and  1.1 kcal mol
 1 for TMP (based on
using a value of 47 cal mol
 1 per Å
2).
44 While these entropic
hydrophobic effects make a substantial contribution to the
overall cooperativity, they do not account for the full effect of
around  2.9 kcal mol
 1.
The interligand contributions of  1.4 and  1.1 kcal mol
 1
are probably upper estimates because there is still some debate
over the exact magnitude of the hydrophobic eﬀect.
45 Earlier
values of 25 30 cal mol
 1 per Å
2 based on measurements of
solubilities and vapor pressures of nonpolar solutes
46 48 were
revised by Sharp and co-workers
44 to 47 cal mol
 1 per Å
2 based
on measurements of surface tension hydrocarbon water inter-
faces. More recent work has suggested lower estimates based on
examining the thermodynamic parameters of protein ligand
complexes (12 cal mol
 1 per Å
2):
49 however, the values from
such studies can be inﬂuenced by diﬃculties in allowing for
entropic contributions related to refolding the apo protein on
forming the ligand binding site.
Freisheim and Matthews
42 have raised the possibility that
diﬀerences in interligand interactions in DHFR.TMP.NADPH
complexes formed using the mammalian enzyme and bacterial
enzymes might provide an explanation for the much lower
positive cooperativity seen in the ligand binding to mammalian
DHFR (a value of 4.7 was reported for SR-1 rodent lymphoma
DHFR
6). We have explored this by using the structure of the
DHFR.TMP.NADPH complex formed with human DHFR
11 to
determine SASAs of the bound ligands. The NACCESS calcula-
tions on the ternary complex of human DHFR (PBD 1YHO)
11
give estimates of (SASA) of bound NADPH (25.5 Å
2) and TMP
(16.2 Å
2) in the region of interligand contact corresponding to
binding energy contributions of  1.2 and  0.8 kcal mol
 1,
respectively. While these hydrophobic contributions are smaller
than those from interligand contact in the lc DHFR ternary
complex, they cannot explain the diﬀerence in observed binding
cooperativity between the human and bacterial DHFRs in their
complexes with TMP and NADPH.
Chemical Shift Studies. The
1H/
15N/
13C chemical shifts at
15 C measured with respect to the corresponding random coil
shifts (corrected for sequence effects) for apo lc DHFR and its
TMP.NADPH ternary complex are shown as histogram plots in
Figure S3 (Supporting Information) for all nuclei that are more
than 4 Å from the ligand. Very similar chemical shifts are
observed for corresponding nuclei in apo lc DHFR and its
ternary complex indicating that the loops, R-helices, and β-
strandsgenerallyhavesimilarlocalstructures.Thus,thechemical
shifts indicate that there is no major change in overall local
structure in regions around these residues when the complexes
are formed. At the same time, some modest long-range ligand
Figure 5. Connolly
26 plots showing the solvent accessible surface areas
around the ligands for complexes of lc DHFR: (A) DHFR.TMP; (B)
DHFR.TMP.NADPH; (C) DHFR.NADPH. The regions marked with
asterisksinthetwobinarycomplexesareseentobeabsentintheternary
complex. The radius of the solvent molecule used in determining the
SASAs was 1.4 Å.3617 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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induced differences in chemical shifts are noted for example in the
F G( 1 1 9  127) and F F (106 111) loops. The chemical shift
agreementbetweenapolcDHFRanditscomplexesisevenbetterif
weconsideronlythoseresidueswhicharemorethan10Åfromthe
ligand (98 remote residues for TMP and 77 for NADPH).
Is There Evidence for Hydrogen Bond Shortening on Com-
plex Formation? Previously, we have used measurements of NH
proton exchange rates to show that ligand binding to lc DHFR
resultsinageneralincreaseintheprotectionfactorsfortheamide
NH protons, reflecting an overall tightening of the protein
structure even in regions well-removed from the ligand binding
site: the tightest binding ligands usually causing the greatest
protection.
50The tighteningofthestructure increasesfurtheron
formation of the ternary complex in the case of positive co-
operative binding (such as with TMP and NADPH). However,
for complexes showing negative cooperativity (such as with
folinic acid and NADPH), the NHs of some residues have
decreased protection factors, indicating a loosening of the
structure.
50 Williams and co-workers have postulated that on
binding ligands under conditions of positive cooperativity there
would be a shrinking of the protein structure while for negative
cooperativity there would be an expansion of the structure of the
protein ligand complex.
15,16
Could the observed ligand-induced tightening or loosening of
the complex structure be related to changes in hydrogen bond
lengths? Correlations of protein amide NH
1H chemical shifts
with hydrogen bond lengths measured from X-ray structures
51 53
and studies of pressure-induced amide
1H chemical shifts
54,55
have provided estimates for the expected deshielding changes of
0.38 (0.17ppm per0.1Åshorteningofthehydrogen bond. On
the basis of this correlation, changes in NH
1H shielding on
ligand binding (
1H Δδ) values can be used to detect any
substantial shortenings of hydrogen bonds that occur on forma-
tion of a protein ligand complex. Clearly this approach can only
be adopted for NH protons in residues remote from the binding
site where direct ligand-induced shielding eﬀects of the ligands
can be neglected. Figure 6 provides the
1H Δδ values for amide
NH protons in such remote secondary structure regions (>10 Å
fromligand)
10fortwolcDHFRcomplexes.InthecaseofDHFR.
TMP.NADPH (Figure 6A), none of the ligand-induced
1H
chemical shifts are greater than 0.2 ppm, and for the relatively
few observed positive
1H Δδ values (which could result from
H-bond shortening) only one of the values is >0.1 ppm. Similar
results are observed for all the binary complexes and for the
ternary complex DHFR.folinic acid.NADPH (Figure 6B) where
the ligands are bound more weakly than in the binary complexes
(negativecooperativity).Thus,inbothcasesthereisnoevidence
for any systematic ligand-induced hydrogen bond shortening of
greaterthan0.03Å(i.e.,correspondingtoapositive
1HΔδvalue
of 0.1 ppm) for the DHFR.TMP.NADPH complex or lengthen-
ing of hydrogen bonds for the folinic acid.NADPH.DHFR
complex. The eﬀects of any hydrogen bond shortening/length-
ening on the chemical shifts are either very small or masked by
shifts of opposite sign arising from long-range conformational
eﬀects. In fact, the ligand-induced NH shifts for residues in the
remote secondary structure regions are remarkably similar in the
two ternary complexes despite the protection factors in the
DHFR.TMP.NADPH complex being much larger than those
in the DHFR.folinic acid.NADPH complexand the Kd values for
NADPH in the two complexes diﬀering by a factor of ∼70000
(see Table S2, Supporting Information).
Similar ﬁndings on hydrogen bond shortening have been
reported in recent studies of ligand binding eﬀects on protein
NH exchange rates in phosphoglycerate kinase.
56
Cordier and co-workers have used novel measurements of
13C 
15N scalar couplings across hydrogen bonds to estimate
changes in hydrogen-bond lengths of between 0.02 and 0.12 Å
accompanying ligand binding in the c-Src SH3 domain.
57 Their
larger values appear to be associated with hydrogen bonds near
the ends of short β-strands: our results relate to very stable
backbone to backbone hydrogen bonds within an 8-stranded β-
sheet and well removed from the binding ligands.
In the absence of any substantial changes in hydrogen bond
lengths in DHFR on complex formation, a likely explanation for
the structure tightening observed on formation of the complexes
isareductioninthepopulationsofpartiallyunfoldedformsofthe
protein (that is, an additional component of protein refolding).
BindingConstantsandThermodynamicData.Thebinding
constants,
5,14,58,59 ITC-derived enthalpies, and the calculated
 TΔS values for complexes of lc DHFR with NADPH, TMP,
and folinic acid are presented in Table 2. It can be seen that the
formation of the binary complexes at 25 C is enthalpy driven in
all cases: large enthalpic contributions overcome the large
unfavorable entropic contributions to the binding. The latter is
consistent withtherequirementtorefoldtheprotein particularly
intheloopregion14 23andinpartofhelixB(24 31)inorder
to allow important protein ligand interactions to take place.
Reduced unfavorable entropic contributions are seen at lower
temperatures (see footnote in Table 2). These thermodynamic
dataaregenerallysimilartothoseseenpreviouslyforcooperative
binding of antifolate ligands to DHFRs from other sources in
extensive studies by Briand and co-workers, who also implicated
protein refolding in the large unfavorable entropic contributions
and first pointed out its potential involvement in positive
cooperative binding.
60,61
On forming the ternary complex, for example by binding
NADPH to the lc DHFR.TMP complex, the enthalpic contribu-
tions are reduced but are compensated for by favorable entropic
contributions which result in the NADPH binding more tightly
in the ternary complex (positive cooperativity). Asimilar pattern
will be expected for TMP binding to the lc DHFR.NADPH
complex. These favorable entropy contributions arise mainly
from hydrophobic eﬀects related to reductions in the number of
Figure 6. Histograms ofthe ligand-induced
1H chemical shifts at 15 C
(Δδ ppm values) for the hydrogen-bonded amide NH protons
50 in
helical (blue) and sheet (pink) residues in regions remote from the
ligand (>10 Å from ligand) for the lc DHFR.TMP.NADPH and DHFR.
folinic acid.NADPH complexes. Errors on the chemical shifts are
(0.01 ppm.3618 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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ordered water molecules and possibly also from vibrational
entropic changes.
If we consider the energy changes associated with NADPH
forming its binary and ternary complexes with TMP/DHFR at
25 C, we ﬁnd that (ΔG0
Ter   ΔG0
Bin)= 2.9, (ΔH0
Ter  
ΔH0
Bin) = 14.9, and  (TΔS0
Ter  TΔS0
Bin)= 17.8 kcal mol
 1.
Informingtheternarycomplexfromthebinarycomplexwherethe
refolding of the A B loop and helix B has already taken place, the
bindingcan be achieved with lower enthalpic interactionsandwith
favorable entropic contributions. The enthalpy changes accompa-
nying formation of the ternary complex oppose positive coopera-
tivitywhereastheentropychangesstronglysupportit:thisindicates
that entropy changes are a major factor driving the positive
cooperativity in forming the lc DHFR.TMP.NADPH complex.
Subramanian and Kaufman also identiﬁed entropically driven
positive cooperativity in chicken liver DHFR.MTX.NADPH from
thermodynamic data measurements.
62
The energy changes associated with NADPH forming its binary
lc DHFR complex and its ternary complex with DHFR and folinic
acidaregivenby(ΔG0
Ter ΔG0
Bin)=3.60,(ΔH0
Ter ΔH0
Bin)=
27.1,and (TΔS0
Ter TΔS0
Bin)= 23.5kcalmol
 1.Thus,there
is a large reduction in the enthalpic contribution and a favorable
increase in  TΔS when NADPH forms the ternary complex with
folini cacidcomp ar edwi ththevaluesforforma tionoftheNADPH
binary complex.
A possible model for the decreased binding in the ternary
complex (negative cooperativity) would be one where parts of
the NADPH and folinic acid molecules cannot simultaneously
occupythebindingsitesusedintheirbinarycomplexes.Inearlier
NMR studies of the lc DHFR.folinic acid.NADPH complex
14 we
postulated the presence of two bound states for the complex in
order to explain anomalous oﬀ-rates. More recently, an X-ray
study of 5,10-dideazatetrahydrofolate in its complex with E. coli
DHFRfoundthattheC7 position ofthe THFanalogueis within
1.8ÅoftheexpectedpositionoftheC4ofboundNADPH:
63the
unfavorable steric interaction from such close proximity was
proposed as the cause of the increase in rate of THF release by
cofactor binding. Similar conclusions were reached from crystal-
lographic studies of folinic acid complexed with E. coli DHFR.
64
’CONCLUSIONS
OriginsofPositiveBindingCooperativityinL.caseiDHFR.
TMP.NADPH Complexes. The main difference in structure
between apo lc DHFR and its complexes involves the A B loop
andpartofhelixB(residues15 31)whicharepartiallyunfolded
in apo DHFR but folded in the closed conformation in the
complexes. Because this region contains several residues that
interact directly with TMP and NADPH, the refolding of this
part of the structure by the first ligand could certainly assist the
binding of the second ligand and is a likely contributor to the
positive cooperative binding. For example, a population of 80%
unfoldedapoDHFRwithveryweakligandbindingwouldleadto
a contribution to cooperativity of up to  0.95 kcal mol
 1.
In addition to the refolding in the binary complexes, there are
someadjustments of therestof thestructurewhichreposition the
helices and loops without major changes in their local conforma-
tions. The DynDom studies indicate thatthe reorientationsof the
major and adenosine binding domains observed in the binary
complexes are approaching their ﬁnal orientations in the ternary
complex.TheCR CRΔDstudiesindicatethatwhilethebinding
site for the second ligand is not perfectly organized in the binary
complexes,itismuchclosertotheﬁnalternaryconformationthan
that found in the apo lc DHFR structure: these conformational
changes will also contribute to the cooperativity. On formation of
theternarycomplexthereis anadditionalsubstantialcontribution
tocooperativebindingfromthehydrophobiceﬀectsrelatedtothe
closeproximityofpartsofthetwoligands:theremovalofordered
bound water molecules on the surface of the ligands caused by
interligand proximity results in favorable entropic binding con-
tributions of up to  1.4 kcal mol
 1 for NADPH and  1.1 kcal
mol
 1 for TMP.
In summary, the large positive binding cooperativity ( 2.9 kcal
mol
 1)o b s e r v e di nf o r m i n gt h elc DHFR.TMP.NADPHcomplex
results from a (i) signiﬁcant contributions from both the refolding
ofthepartiallyunfoldedA BloopandhelixBinapolcDHFR(up
to  0.95 kcal mol
 1) and also from favorable conformational
changes induced by binding the ﬁrst ligand that are required to
facilitate tighter binding of the second ligand and (ii) an equally
importantfavorableentropiccontribution(upto 1.4kcalmol
 1)
from hydrophobic eﬀects related to interligand proximities in the
ternary complex where ordered water are displaced from the
surfaceof theboundligands by thecloseproximityof theNADPH
reduced nicotinamide ring to parts of trimethoprim.
It should be noted that similar favorable entropic contribu-
tions from interligand proximity are also present in the ternary
complex of human DHFR.TMP.NADPH. Thus, the observed
diﬀerence of cooperative binding in the human and bacterial
DHFR complexes is not because of diﬀerences in hydrophobic
eﬀects related to interligand proximity.
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Table 2. Binding Constants
a (M
 1) and Thermodynamic Data (kcal mol
 1) for Ligands Binding to L. casei DHFR at 25 C
ligand binding to Ka refs ΔG0 ΔH0
b  TΔS0
c
TMP E 2.0 ((0.1)   10
7 5, 58  10.0  22.2(0.7 12.2
NADPH E 1.0 ((0.1)   10
8 29  10.9  27.1(1.5 16.2
NADPH E þ TMP 1.35 ((0.10)   10
10 5, 59  13.8  12.2(0.7  1.6
Folinic E 1.3 ((0.6)   10
8 14  11.1  24.2(0.7 13.1
NADPH E þ Folinic 2.1 ((0.5)   10
5 14  7.3 0(0.5
d  7.3
aLiteraturevaluesoftheKavalues:itwasnotpossibletomeasuregoodKavaluesforthetightlybindingligandsusingITCdata.However,for(NADPHþ
DHFR.folinicacid)theITCderivedKavalueis2.2 10
5M
 1,ingoodagreementwithliteraturevalue.
14 bΔH0valuesmeasuredfromITCexperiments
(at least three measurements for each complex).
c TΔS0 values at 10 C for lc DHFR þ TMP (2.0 kcal mol
 1) and for lc DHFR þ NADPH (7.5 kcal
mol
 1) were estimated from ITC ΔH0 values measured at 10 C and assuming Ka values to be similar to those at 25 C.
dΔH0 value estimated by
interpolation of ITC data at 10 C (3.0), 15 C (2.2), 20 C (1.0), and 30 C(  2.1 kcal mol
 1).3619 dx.doi.org/10.1021/bi200067t |Biochemistry 2011, 50, 3609–3620
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data. This material is available free of charge via the Internet at
http://pubs.acs.org.
Accession Codes
AccessionnumbersintheProteinDataBankforthestructuresof
apo lcDHFRandits binarycomplexwithNADPHand TMP are
PDB ID: 2L28, PDB ID: 2HQP, and PDB ID: 2HM9, respec-
tively. The
1H,
13C, and
15N chemical shift data have been
deposited in the BioMagResDataBank (Deposition Numbers
BMRB ID: BMRB ID: 17125, BMRB ID: 5396, BMRB ID:
17310 and BMRB ID: 17311).
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